Objective-The goal of this study was to explore the role of Toll-like receptor 4 (TLR4) in vein graft remodeling and disease. Methods and Results-First, expression of TLR4 was analyzed in freshly isolated human saphenous veins (huSV), in freshly isolated huSV ex vivo perfused in an extracorporeal circulation, or in huSV used as coronary vein grafts. Marked induction of focal TLR4 expression was observed in perfused fresh huSV. Moreover, TLR4 was abundantly present in lesions in fresh huSV or in intimal hyperplasia in coronary vein grafts. Second, mouse venous bypass grafting was performed. In grafts of hypercholesterolemic APOE*3Leiden mice, increased TLR4 mRNA and protein was detected over time by reverse transcription-polymerase chain reaction and immunohistochemistry. Furthermore, the local presence of the endogenous TLR4 ligands heat shock protein 60, high-mobility group box 1, tenascin-C, and biglycan in the grafts was demonstrated. TLR4 deficiency in C3H-Tlr4 LPS-d (LPS indicates lipopolysaccharide) mice resulted in 48Ϯ12% less vein graft wall thickening (Pϭ0.04) than in Balb/c controls. Moreover, local TLR4 gene silencing in hypercholesterolemic APOE*3Leiden mice using lentiviral short hairpin RNA against TLR4 administered perivascularly around vein grafts led to a 44Ϯ13% reduction of vessel wall thickening compared with controls (Pϭ0.0059). 
V ein grafts are important conduits for revascularization during both coronary and peripheral bypass surgery, although vein grafts sometimes have poor long-term patency. Early graft failure is usually due to thrombosis, but long-term graft failure is caused by vein graft disease (VGD) induced by wall thickening due to intimal hyperplasia that is triggered by inflammation. Vein graft wall thickening is in part characterized by smooth muscle cell (SMC) proliferation, matrix turnover, and an influx of lipids and inflammatory cells. 1, 2 The innate immune system contains multiple receptors that recognize a broad variety of molecular structures. Toll-like receptors (TLRs) have a key role in driving inflammation regulating the innate response after binding pathogenassociated molecular patterns or damage-associated molecular patterns (DAMPs), respectively. [3] [4] [5] [6] [7] TLR4 is a membranebound receptor located on a variety of immune and nonimmune cells, including macrophages, endothelial, and SMCs. Cell stress and tissue damage may cause a release of DAMPs that function as endogenous TLR4 ligands and lead to activation and upregulation of the expression of TLR4, resulting in a proinflammatory response. 6,8 -10 The role of TLR4 in vascular remodeling, especially arterial remodeling, has previously been demonstrated in various studies either directed at atherogenesis and plaque (de)stabilization or directed at the role of TLR4 in postinterventional arterial remodeling after angioplasty. [11] [12] [13] [14] [15] [16] However, the role of TLR4 and its endogenous ligands in remodeling of venous segments (eg, in vein graft remodeling) is still unknown. Furthermore, it has been suggested that unactivated arterial vascular smooth muscle cells (VSMC) do not express TLR4 and that TLRs may have a vessel-specific profile that may also vary because of changes in cellular activation, differentiation, and other local processes. 17 Interestingly, nonactivated VSMC from huSV do express TLR4. 18 To modulate atherosclerotic plaque formation by interfering in the TLR4 pathway, systemic therapeutic interventions would be required. However, because of the important role of the TLR4 pathway in the host defense mechanism, such a systemic approach would be undesirable. In contrast, venous bypass grafts do permit local therapeutic interventions. From the point of therapeutic interventions in the TLR4 pathway to reduce vascular remodeling VGD is of more interest and has more potential. Local therapy against VGD can be done easily, for example, by topical inhibitor application to the adventitial layer, because adventitial cells contribute extensively to proliferation and migration of SMC and subsequent vein graft remodeling. 19 -23 Therefore, local gene transfer to silence TLR4 expression would be an interesting approach for therapy to improve graft survival, once the role of TLR4 in VGD has been established.
In the current study, we focus on the role of TLR4 in vein graft remodeling by illustrating the presence and upregulation of TLR4 and its endogenous ligands in both human and murine venous segments used for vein grafting. Moreover, a causal role of TLR4 was studied by performing vein grafting in TLR4-deficient mice (C3H-Tlr4 LPS-d mice; LPS indicates lipopolysaccharide) or by local TLR4 gene silencing in murine vein graft using a lentiviral short hairpin RNA (shRNA) construct against TLR4. The latter study was performed in hypercholesterolemic APOE*3Leiden mice to mimic the situation of vein grafting in hypercholesterolemic patients as closely as possible.
Materials and Methods
For a detailed description of all materials and methods used, see the supplemental material, available online at http://atvb. ahajournals.org.
In brief, immunohistochemistry for TLR4 was performed on paraffin-embedded sections of human saphenous vein (huSV) segments, freshly isolated, freshly isolated and ex vivo perfused in an extracorporeal circulation for 4 hours, or used for minimally 5 years as coronary vein grafts. Also, murine vein graft segments were analyzed for TLR4 expression and for its endogenous ligands heat shock protein 60 (HSP60), high-mobility group box 1 (HMGB1), tenascin-C, and biglycan.
Lentiviral shRNA vectors against murine TLR4 were established based on the Mission library (Sigma-Aldrich).
Vein grafting in mice was performed by placing a venous interposition (vena cava) in the carotid artery of either Balb/c mice, TLR4-deficient (C3H-Tlr4 LPS-d ) mice, or hypercholesterolemic APOE*3Leiden mice. In the APOE*3Leiden mice, grafts were treated locally with the lentiviral short hairpin TLR4 (shTLR4) construct. Freshly isolated huSV was divided into 2 parts. One part was directly fixated (and paraffin embedded), and the other part was placed into an extracorporeal circulation system for 4 hours with arterial pressure before fixation. Cross-sections of both huSV parts were stained for TLR4. The longitudinal muscle layer of directly fixated huSV showed a few TLR4-positive spots (A). A rapid increase of TLR4 expression was seen in the longitudinal muscle layer of huSV after 4 hours of perfusion with arterial pressure (B). LML indicates longitudinal muscle layer.
Results

TLR4 Presence in huSV and Coronary Vein Grafts
Human vein graft was obtained in the operating room during coronary artery bypass grafting procedures. One segment was directly taken for histological and immunohistochemical examination, and the remaining segment was placed in a perfusion circuit that was connected to the heart-lung machine. Samples were perfused with autologous whole blood, with a pressure of 60 mm Hg (nonpulsatile flow). After 4 hours of perfusion, segments were taken for histological and immunohistochemical examination. Furthermore, vein grafts that served as coronary arterial bypass grafts for more than 6 years were derived at autopsy. To study the presence of TLR4 during remodeling in huSV, TLR4 expression was analyzed in the freshly isolated huSV, in preexisting intimal lesions within these segments and the coronary vein grafts. In the fresh huSV, TLR4 expression could be detected, especially in the circular SMC layer ( Figure 1A) . Also, the endothelial layer and adventitial vessels stained positive for TLR4 (not shown). Some of the venous segments contained spontaneous lesions, indicated by intimal hyperplasia formation. These lesions represent a focal area of spontaneous remodeling and demonstrated a marked presence of TLR4 ( Figure 1B ). In addition, a profound TLR4 expression was observed in severely remodeled coronary vein grafts with a saphenous vein origin ( Figure 1C ). These grafts were obtained at autopsy. They had been in situ for minimally 5 years and are representative sections of remodeled vein grafts.
Focal TLR4 Expression After Graft Perfusion
In vein grafting, early damage to the vessel wall is initiated immediately by surgical manipulation and after transplantation because of increased shear stress and wall tension initiated by increased perfusion pressure. Nonperfused fresh huSV showed few TLR4-positive cells in the subendothelial longitudinal muscle layer ( Figure 2A ). Parallel sections of the same fresh huSV were subjected to 4 hours of perfusion with autologous blood on arterial pressure. These sections showed an impressive focal increase of TLR4 expression within the longitudinal layer ( Figure 2B ). 
TLR4 Expression in Murine Vein Grafts During Remodeling
As the findings presented above indicate an increase of TLR4 presence during huSV remodeling, TLR4 presence on the protein and mRNA level was analyzed during remodeling in mice. Therefore, a murine vein graft model was used that represents human vein graft thickening and accelerated atherosclerosis. TLR4 protein presence was studied by immunohistochemistry during progression of remodeling over time in hypercholesterolemic APOE*3Leiden mice. A marked expression of TLR4 was detectable in these vein grafts. In the early remodeling phase, when the graft was only 1 or 2 cell layers thick, TLR4-positive spots were observed ( Figure 3A and 3B). At tϭ7 and tϭ14 days, vessel wall thickness has increased markedly. Within these segments, focal areas of intense TLR4 protein expression could be detected ( Figure  3C and 3D). Rabbit IgG isotype control showed no staining ( Figure 3E ). Expression of TLR4 mRNA during remodeling was detected by reverse transcription-polymerase chain reaction in hypercholesterolemic APOE*3Leiden mice over time at tϭ0 hours, 6 hours, and 1, 3, 7, and 28 days after graft placement. A rapid increase in TLR4 mRNA could be detected in the early remodeling phase. During intermediate and late-phase remodeling, TLR4 mRNA remained upregulated ( Figure 3F) Figure 3G and 3H).
Presence of Endogenous TLR4 Ligands in Murine Vein Grafts
Remodeled grafts have been subjected to proliferation, migration, and turnover of cells and matrix components. These processes may cause an upregulation of DAMPs that can be recognized by TLR4. We localized several of these DAMPS in vein grafts of hypercholesterolemic APOE*3Leiden mice harvested at tϭ14 days. Proteins in response to cellular stress, such as HSP60 and high-mobility group box 1 (HMGB1), are known TLR4 ligands. The presence of HSP60 was detected, especially in the subendothelial layer of the thickened vessel wall ( Figure 4A ). HMGB1, normally at rest inside the nucleus, was now detected in the cytoplasm, where it is known to act in a cytokine-like way ( Figure 4B) . 24 In addition, matrix components that are expressed during matrix turnover were studied. The glycoprotein tenascin-C was demonstrated, especially at the matrix-rich adventitial site of the graft but also near the luminal site in matrix-containing areas ( Figure 4C ). These endogenous ligands could potentially colocalize with TLR4 because they were present in the lesion site and in areas that also express TLR4 at the same time point (Figures 3D, 4A, 4B, and 4C) . Furthermore, mRNA expression of the matrix component biglycan, which may function as a TLR4 ligand, was studied over time, and a more than 10-fold increase of mRNA was detectable after 7 days. This increase in biglycan expression remained upregulated during the remodeling process (tϭ0 versus 6 hours, Pϭ0.25; tϭ0 versus 1 day, Pϭ0.017; tϭ0 versus 3 days, Pϭ0.21; tϭ0 versus 7 days, Pϭ0.004; tϭ0 versus 28 days, Pϭ0.021; Figure 4D ).
Functional Role of TLR4 in Murine Vein Graft Remodeling
To explore whether TLR4 has a functional role in vein graft thickening, an essential step in VGD leading to vein graft failure, a venous interposition was placed in the carotid artery of Balb/c (nϭ8) and TLR4-deficient (C3H-Tlr4 thereby creating only a small difference in the ratio of lumen to total vessel wall area (Supplemental Figure I) . Furthermore, the reduced vessel wall thickening correlated with a reduced ␣-SMC-actin positive area in the C3H-Tlr4 LPS-d mice (0.022Ϯ0.003 versus 0.047Ϯ0.009 mm 2 , Pϭ0.035) ( Figure 5C ).
TLR4 Silencing In Vitro
To create a tool for local TLR4 gene silencing, 5 lentiviralbased shRNAs were produced and validated by measurement of murine TLR4/MD2 expression on Chinese hamster ovarian cancer cells by fluorescence-activated cell sorting analysis, and the best vector was selected (not shown). The selected vector showed a dose-dependent downregulation of TLR4 protein expression (Supplemental Figure II) . Murine 3T3 fibroblasts were then transduced by selected lenti-shTLR4 (TRCN0000065787), lenti-control, or PBS and subsequently stimulated with different proinflammatory stimuli to obtain insight on its specificity in reducing TLR4 induced nuclear factor-B (NF-B) activation. Lenti-shTLR4 gave a significant reduction in NF-B activation after administration of TLR4 ligand LPS (PϽ0.01). Application of Pam3Cys, tumor necrosis factor-␣, or interleukin-1␤ had no different effect on NF-B activation compared with the controls (Supplemental Figure III) .
Local TLR4 Silencing in Hypercholesterolemic APOE*3Leiden Mice
To validate the potential of TLR4 as a local therapeutic in VGD, a study was pursued using local TLR4 gene silencing to diminish VGD in APOE*3Leiden mice. These mice, when fed a high-cholesterolemic diet, are well known to develop massive VGD because of neointima formation and accelerated atherosclerosis. After graft placement in APOE*3Leiden mice pluronic gel with PBS (nϭ8), lenti-control (nϭ9) or lenti-shTLR4 (nϭ7) was lubricated around the graft. Mice were fed a Western-type diet for the total duration of the experiment, starting 3 weeks before surgery. No significant differences between groups in cholesterol level (PBS 9.6Ϯ0.9 mmol/L, lenti-control 9.7Ϯ1.0 mmol/L, and lentishTLR4 10.2Ϯ0.6 mmol/L) or body weight were observed (not shown).
Local gene silencing of TLR4 led to a 44Ϯ13% reduction of vessel wall thickening in the graft segment (PBS, 0.40Ϯ 0.04 mm 2 ; lenti-control, 0.42Ϯ0.04 mm 2 ; lenti-shTLR4, 0.23Ϯ0.03 mm 2 ) (PBS versus lenti-shTLR4, Pϭ0.0059; lenti-control versus lenti-shTLR4, Pϭ0.0052; PBS versus lenti-control, Pϭ0.96). A difference in total vessel wall area was found only between lenti-control and lenti-shTLR4. In addition, a beneficial lumen/total cross-section ratio showed a beneficial outcome for the lenti-shTLR4 -treated group (PBS, 0.45Ϯ0.05 mm 2 ; lenti-control, 0.54Ϯ0.04 mm 2 ; lentishTLR4, 0.70Ϯ0.03 mm 2 ) (PBS versus lenti-shTLR4, Pϭ0.0012; lenti-control versus lenti-shTLR4, Pϭ0.0079; PBS versus lenti-control, Pϭ0.14) (Figure 6A to 6D) . Furthermore, although quantitative interpretation of immunohistochemistry has to be done with extreme caution, treatment with lenti-shTLR4 gave a reduction in focal TLR4 expression in the graft ( Figure 6E ). After TLR4 silencing in the vein grafts of APOE*3Leiden mice, the areas positive for macrophages (MAC3-positive area) and SMC (␣-SMC-actin-positive area) were reduced by 54% and 61%, respectively, compared with the PBS group. (Details are given in Supplemental Table I .)
Discussion
The present study describes the role of TLR4 in vein graft remodeling in humans and mice with a profound presence of TLR4, endogenous TLR4 ligands during remodeling, and the therapeutic potential for local TLR4 silencing. Abundant TLR4 presence was noticed in freshly isolated huSV. In addition, in remodeled areas of fresh huSV, in fresh huSV after reperfusion, and in coronary vein grafts derived at autopsy, an upregulation of TLR4 protein was observed. In murine vein grafts of hypercholesterolemic APOE*3Leiden mice, TLR4 expression is present over time at the protein and mRNA levels, and a series of endogenous TLR4 ligands, HSP60, HMGB1, tenascin C, and biglycan was expressed. Furthermore, TLR4-deficient mice show a significant reduction in vein graft thickening and less outward remodeling after vein grafting. Moreover, local gene silencing of TLR4 gives a clear reduction in vein graft thickening and a beneficial lumen/total cross-section area ratio.
Nowadays, TLR4 is considered to be an important factor in inflammatory-mediated diseases. VGD is strongly mediated by remodeling initiated by wall stress, cell damage, and inflammation. The level of TLR4 expression may vary among different vessel specimens and is dependent on activation and local environmental changes, such as wall stress, cell damage, and inflammation. 17 Furthermore, these differences may also be relevant for the presence and levels of endogenous TLR4 ligands. Therefore, it is of major importance to evaluate TLR4 expression, function, and therapeutic potential in a VGD-related setting. Here, we report the presence of TLR4 on the circular muscle layer of fresh huSV and a rapid increase of focal TLR4 expression within 4 hours of reperfusion in an extracorporeal circulation set up with arterial pressure on sections of fresh huSV. Increased TLR4 expression may be initiated by damage-inducing processes, such as ischemia/reperfusion and increased wall tension/shear stress due to pressure and flow disturbances. 25, 26 In addition, the initiated damage to the vessel contributes, most likely by inducing the release of endogenous ligands, to the proliferation and migration of VSMC and the influx of inflammatory cells, such as macrophages, resulting in thickening of the vessel wall. These cells, which play an important role in vascular remodeling, have been shown to express TLR4. 13, 18, 27, 28 In support of this, we noticed an abundant Figure 6 . Vein graft remodeling after local TLR4 silencing in hypercholesterolemic APOE*3Leiden mice (PBS, nϭ8; lenti-control, nϭ9; lenti-shTLR4, nϭ7). Areas of vein graft sections were quantified by using 6 sequential sections per vein graft vein graft of each mouse. A mean of these 6 sections was used as the outcome of vein graft remodeling per mouse. Outcomes of analysis are expressed in millimeters squared (meanϮSEM). Vein graft wall thickening was reduced in the lenti-shTLR4 treated group compared with the controls (A). Total vessel wall area was smaller in the lenti-shTLR4 group compared with the lenti-control (B). A beneficial lumen/total cross-section area ratio was observed in the lenti-shTLR4 treated group (C). Shown are representative hematoxylin-phloxin-saphron (HPS)-stained sections of focal vein graft wall thickening (D). Focal TLR4 expression is shown in vein grafts locally treated with PBS (left), lenti-control (middle), and lenti-shTLR4 (right) (E). *PϽ0.01. Statistical analysis was performed with a 1-way ANOVA.
TLR4 presence within the thickened vessel wall of severely remodeled areas in vein grafts of human and mouse origin. Previously, localization of TLR4 has been shown in remodeled arteries during atherogenesis and after angioplasty, and the presence of TLR4 ligands may alter its expression. 13, 14, 16 The discovery that these TLR4 ligands can be of endogenous origin further emphasizes the importance of TLR4 in inflammatory-mediated diseases. 3 The endogenous ligands, most often referred as DAMPs, are most often danger signals or degradation products of matrix component that become available in response to injury. Bypass surgery itself and the subjection of the transplanted vessel to hypoxia and increased blood pressure can cause a release of powerful inducers of cellular stress and tissue damage. The observed presence of HSP60, extracellular high mobility group box 1 (HMGB1), tenascin-C, and upregulation of biglycan mRNA during remodeling is a good example of this. Previously, Hochleitner et al described the release of HSP60 after shear stress, 29 and others showed the capability of HSP60 to bind directly to TLR4, thereby initiating proliferation of VSMC. 30 Cellular stress may also cause passive release of HMGB1 by a variety of cell types, including endothelium and monocytes/macrophages, and acts as a cytokine capable of binding to TLR4, thereby initiating a proinflammatory response. 8, 31, 32 Matrix turnover importantly mediates vein graft remodeling. The extracellular matrix glycoprotein tenascin-C is related to tissue repair and injury. Normally, tenascin-C is not present in huSV, but after graft placement, its expression is significantly increased in huSV grafts. 33, 34 If present, it is capable of promoting SMC migration 35 and growth 36 and affecting important genes in vascular remodeling. Recently, tenascin-C was found to be an endogenous TLR4 ligand without the need for CD14 or MD-2 as accessory molecules for signal transduction, and therefore tenascin-C may act in vein grafts also via TLR4 signaling. 37 The matrix component biglycan is coimmunoprecipitated with TLR4, and by signaling via TLR4 on macrophages it has a proinflammatory effect. Moreover, it enhances SMC proliferation. 36, 38 The observed increase in biglycan expression over time in the vein graft points toward an increased TLR4 signaling in murine vein grafts with biglycan as ligand.
The reduced vein graft wall thickening in the C3H-Tlr4 LPS-d mice by reducing total SMC amount demonstrates that not only are TLR4 and its endogenous ligands expressed in the remodeling vein graft segments but TLR4 is also causally involved in vein graft remodeling.
The current results indicate the presence and even causal involvement of TLR4 and the upregulation of multiple endogenous ligands in VGD; therefore, several new targets can be proposed for therapeutic interference. Long-term systemic antiinflammatory treatment against TLR4 would be difficult and undesirable because of the expected adverse side effects. Furthermore, targeting of a single DAMP would be not a good option because multiple DAMPs are upregulated and are able to trigger TLR4 signaling involved in vascular remodeling, making it difficult to select them as therapeutic targets individually. Local RNA interference for TLR4 may overcome this problem. shRNA constructs are able to inhibit gene translation into protein, thereby initiating effective gene silencing. 39, 40 Previously, our group showed that local graft transduction using a lentivirus can be performed efficiently in vivo. 41 In support, others have shown encouraging results for the applicability of local gene therapy. 42, 43 Therefore, local lentiviral infection with the selected TLR4 shRNA was performed in vein grafts positioned in the carotid artery of hypercholesterolemic APOE*3Leiden mice. The specificity of the shRNA construct used was demonstrated by its capacity to decrease murine TLR4 expression on transformed Chinese hamster ovarian cancer cells and to reduce NF-B activation in murine fibroblasts after LPS activation. NF-B activation after challenging the cells with stimuli other than the TLR4 ligand LPS, such as Pam3Cys, tumor necrosis factor-␣, or interleukin-1b, was not affected, demonstrating the specificity of the construct.
Morphometric analysis after silencing of TLR4 demonstrated a reduction in vessel wall thickening, which was supported by a focal decrease in TLR4 expression and a reduction in the total number of macrophages in the lesions. As in the TLR4-deficient mice, reduction of total SMC in the lenti-shTLR4 treated group correlated with the decrease in vessel wall thickening. Furthermore, local TLR4 silencing increases the ratio of lumen versus total cross-sectional area. This indicates a beneficial effect of local TLR4 silencing on vein graft remodeling, with effects on graft patency in the long term.
This also might have significance for the treatment of patients because vein grafts can readily be treated locally ex vivo during surgery, thus presenting a unique opportunity for gene transfer or gene inhibition to alter the remodeling response.
In summary, upregulation of TLR4 expression (in both human and mouse), as well as its endogenous ligands, in vein grafts during graft remodeling and the reduced vein graft thickening in TLR4-deficient C3H-Tlr4 LPS-d mice point out the important involvement of TLR4 and its endogenous ligands in VGD. Furthermore, the reduction of vein graft vessel wall thickening in hypercholesterolemic APOE*3Leiden mice after local lentiviral shRNA-mediated interference in the TLR4 pathway indicate the potential of TLR4 as a local therapeutic target to improve vein graft survival.
